Summary: Single photon emission computed tomography (SPECT) with 99mTc-d,l-hexamethylpropyleneamine ox ime (99mTc-d,I-HMPAO) was used to determine global and regional CBF in 53 healthy subjects aged 21-83 years. For the whole group, global CBF normalized to the cer ebellum was 86.4% ± 8.4 (SD). The contribution of age, sex, and atrophy to variations in global CBF was studied using stepwise mUltiple regression analysis. There was a significant negative correlation of global CBF with sub jective ratings of cortical atrophy, but not with ratings of ventricular size, Evans ratio, sex, or age. In a subgroup of 33 subjects, in whom volumetric measurements of atro phy were performed, cortical atrophy was the only sig nificant determinant for global CBF, accounting for 27% of its variance. Mean global CBF as measured with the Tomographic measurement of regional CBF (rCBF) in humans was made possible several years ago with the development of a brain-dedicated dy namic single photon emission computed tomogra phy (SPECT) system designed for inhalation or in jection of the diffusible tracer \33Xe (Stokely et ai., 1980). This technique offers easy, repetitive, and quantitative measurements with a spatial and tem poral resolution sufficient for studying cerebrovas cular disease.
Tomographic measurement of regional CBF (rCBF) in humans was made possible several years ago with the development of a brain-dedicated dy namic single photon emission computed tomogra phy (SPECT) system designed for inhalation or in jection of the diffusible tracer \33Xe (Stokely et ai., 1980) . This technique offers easy, repetitive, and quantitative measurements with a spatial and tem poral resolution sufficient for studying cerebrovas cular disease.
The recent development of tracers that are re tained in the brain for several hours and, if ideal, "trapped" in proportion to regional blood flow has J33Xe inhalation technique and SPECT was 54 ± 9 mlJl00 glmin and did not correlate significantly with age. There was a preferential decline of CBF in the frontal cortex with advancing age. The side-to-side asymmetry of sev eral regions of interest increased with age. A method was described for estimation of subcortical CBF, which de creased with advancing cortical atrophy. The relative area of the subcortical low-flow region increased with age. These results are useful in distinguishing the effects of age and simple atrophy from disease effects, when the 99mTc-d,I-HMPAO method is used. Key Words: Brain atrophy-Emission tomography-99mTc-d,I-Hexameth ylpropyleneamine oxime-Normal aging-Regional ce rebral blood flow-133Xe inhalation.
provided the opportunity of high-resolution static imaging without some of the drawbacks inherent to the \33Xe technique, e.g., the artifacts associated with the lung curve and with airway trapping of \33Xe. In addition, these tracers do not require a dynamic brain-dedicated SPECT system, but can also be used with the more widespread conven tional rotating gamma cameras, although the reso lution obtained is highly dependent on the instru ment. Recently, d,l-hexamethylpropyleneamine ox ime (d,l-HMPAO) chelated with 99mTc was introduced as a radiopharmaceutical tracer for mea surement of rCBF in humans with SPECT (Nei rinckx et ai., 1987) . This lipophilic compound readily crosses the blood-brain barrier and is rap idly converted in the brain tissue to a hydrophilic compound that is retained in the brain for several hours (Sharp et ai., 1986; Neirinckx et ai., 1987; Lassen et aI., 1988) . The validity of 99mTc_ d,l-HMPAO for measurements of rCBF has been confirmed in quantitative studies using the 133Xe inhalation method with SPECT (Andersen et aI., 1988a) or the C1502 inhalation steady-state method with positron emission tomography (PET) (Inugami et aI., 1988; Yonekura et aI . , 1988) as the reference methods.
99mTc-d,I-HMPAO SPECT may be superior to previous methods for measuring rCBF in chronic degenerative neuropsychiatric diseases, which may be associated with bilateral and cortical, subcorti cal, or diffuse impairments of brain function and blood flow. Although they often, as normal aging, are associated with diffuse degenerative changes in brain morphology, conventional structural neu roimaging techniques only rarely reveal diagnostic changes in the brain. The mapping of 99mTc_ d,l-HMPAO SPECT in normal aging is essential for the evaluation of its diagnostic value in these dis eases.
The present study aimed to examine the contri butions of normal aging and brain atrophy to inter individual variations of rCBF as measured with 99mTc-d,I-HMPAO and SPECT. We report findings in healthy volunteers on morphometric data as ob tained by computed tomography (CT) scanning and on rCBF data as measured with 99mTc-d,I-HMPAO and with 133Xe and a brain-dedicated high-reso lution SPECT system. A procedure for the determi nation of cortical and subcortical rCBF values using semifixed templates and threshold pixel values IS also presented.
MATERIAL AND METHODS

Criteria for subject selection
Healthy subjects aged from 20 to 90 years were invited to volunteer for a study program, including structured interview on medical history and health problems, neu rological examination, blood test screening, and CT of the brain prior to the SPECT study. Subjects >50 years of age also volunteered for the Mini Mental State Examina tion (Folstein et aI. , 1975) and an extensive neuropsycho logical test program. The following exclusion criteria were applied: focal abnormalities on the CT; neuropsy chiatric symptoms or signs; suspicion of dementia; pre vious psychiatric or neurological diseases; severe head trauma; history of excessive alcohol consumption or drug abuse; metabolic disease; cancer; chest pain; moderate to severe heart failure or pulmonary insufficiency; resting arterial blood pressure > 180/100 mm Hg. Subjects with lower blood pressures and a history of mild systemic hy pertension, the control of which had never required more than thiazides, were allowed to enter the study. Only sub jects who had fulfilled normal educational requirements in school and whose social life (e. g. , occupation and re lation with family and friends) was considered normal for age were included. No subject was under the influence of psychoactive medication, sedatives, or alcohol, nor were any affected by pain or anxiety, or any study day. Smok ing was not allowed on the SPECT study day. All subjects gave informed consent to the study, which was approved by the local ethical committee.
Subjects
Fifty-three right-handed subjects, 26 women and 27 men, aged 53 ± 19 (SD) years (range 21-83 years), met the criteria to enter the study. Their age, weight, and arterial blood pressure are presented in Table 1 . Most of the subjects (n = 26) were healthy volunteers selected randomly among all healthy persons from a large popu lation study, the Copenhagen City Heart Study (SjIlrensen et aI., 1982) . Seventeen subjects were recruited from ad vertisements. Two healthy subjects with non gene-carrier status (verified by restriction fraction length polymorph test) from an ongoing study of families with Huntington's disease were also included. The remaining eight subjects were outpatients with tension headache, referred to SPECT and CT as part of an extensive study All values are means ± SO or means (range) . CT, computed tomography ; MMS , Mini Mental Status; NA, not available ; T, Pearson's correlation coefficient (Evans ratio) or Spearman rank correlation coefficient (atrophy scores). a p < 0.01 vs. age. b p < 0.05 vs. age.
program that had failed to show any other possible cause for their pain. Six subjects received diuretic treatment, three of them for arterial hypertension. There was no significant family history of dementia in any subject and, according to the neuropsychological test results, no sus picion of dementia or of primary abnormal intellectual capacity in any subject. The Mini Mental State scores were all ;327 (Table 1) .
SPECT
The instrument. rCBF was measured consecutively by two methods on the same day: by the conventional 133Xe inhalation method and by high-resolution static imaging of the distribution of an intravenous dose of 99mTc_ d,l-HMPAO. A time interval of at least 30 min was al lowed between the last 133Xe study and the injection of 99mTc-d,l-HMPAO. The activity in the brain was mea sured by th45Tomomatic 64 (Medimatic, Hellerup, Den mark), a rapidly rotating and highly sensitive three-slice instrument for SPECT, described in detail previously (Stokely et al., 1980) . Information on collimation and ac quisition parameters is given in Table 2 .
133Xe inhalation study. Each study lasted 4.5 min. 133Xe was inhaled during the initial 1.5 min from a 4-L bag filled with 3.5 L atmospheric air and 0.5 L oxygen with a Xe concentration of 740 MBq/L, using a closed system with a CO2 absorber. The calculation of CBF from four time-activity pictures was based on a combination of the isotope clearance principle and the bolus distribution principle described in detail elsewhere (Celsis et al., 1981) . The subjects were studied in the supine position during rest with eyes closed and with ears unplugged in quiet surroundings. Two studies were performed to ob tain six contiguous image slices of the brain. At the end of each study, the end-expiratory CO2 tension was mea sured using a capnograph (CDA-I CO2 analyzer; Novo Diagnostic Systems, Denmark).
99mTc-d,I-HMPAO study. 99mTc-Pertechnetate was eluted from a Mo-Tc generator and mixed with d, l HMPAO (Exametazime, Ceretec; Amersham, London, England). Shortly after reconstitution and 10--20 min be- fore data acquisition, a bolus containing 1.1 GBq 99mTc_ d,l-HMPAO in 8-10 ml saline was injected intravenously. The subjects were resting with eyes closed and ears un plugged in quiet surroundings during the injection. The acquisition time was 25 min, yielding at least 3 x 106 counts in the middle slice. Data acquisition was per formed in three different positions to obtain nine contig uous image slices covering the whole brain. After recon struction, the images were decay-corrected and, if rele vant, corrected for different acquisition times and internal scaling factors. Finally, the data were normalized to the cerebellum and linearized, as described in Appendix A.
Positioning. All scans were obtained parallel to the canthomeatal (CM) plane, defined as the plane through a line from the external canthus of the eye to the external auditory meatus. Correct positioning and repositioning of the subject were controlled by three laser positioning lights on the tomograph and sets of marks drawn on the subject's skin parallel to the CM line prior to the first study. The head was fixed using an adjustable cuff. The first set of images was obtained in the lowest possible position at which the vertex of the subject's head touched the bottom of the gantry. By outward parallel replace ment of the subject between each 133Xe inhalation study or each 99mTc-d,I-HMPAO data acquisition, a total of six (133Xe study) or nine e9mTc-d,I-HMPAO study) slices covering the whole brain was obtained. In four subjects the reproducibility of positioning was tested but not an nounced until the end of the 99mTc-d,I-HMPAO study, when the subject was asked to volunteer for one addi tional acquisition period. Nontransparent tape was used to cover all skin marks on the subject's face, and the technicians were asked to reposition the subject exactly as during one of the original acquisition periods, before running one additional data acquisition.
Analysis of reEF data. As described in detail in Ap pendix B, an anatomical atlas of the brain (Aquilonius and Eckermis, 1980) was used to guide the construction of semifixed templates for calculation of global CBF and rCBF ( Figs. 1 and 2 ). For definitions of side-to-side asym metry indexes (SAIs), anterior-posterior asymmetry ra tios, and subcortical low-flow regions, see Appendix B and Fig. 3 .
CT
CT without contrast enhancement was performed in each subject within 2 weeks of the SPECT study. In the first 20 subjects, the CT was performed using an EMI 1000 scanner (Medical Hounslow, U.K.), which was then replaced by a Somatom DR2 scanner (Siemens, F.R.G.). Contiguous transverse CT slices 8 (Somatom DR2) or 10 (EMI 1000) mm thick and parallel to the CM plane were obtained. All CT scans were rated for cortical and ven tricular atrophy, and the Evans ratio (1942) was calcu lated. In the 33 CT scans produced on the Somatom DR2 scanner, volumetric measurements were performed to calculate the relative volume of CSF space. The rating procedure and the volumetric measurements are de scribed in Appendix C.
Statistical Methods
Spearman's rank or Pearson product moment correla tion coefficients were used to examine the relation be tween variables. In the subgroup of 33 patients in whom volumetric CT measurements were performed, a stepwise multiple regression analysis was used to examine the in- F, frontal cortex; F1, upper frontal cortex; F2, precentral gyrus; F3, superior frontal gyrus and cingulate gyrus; F4, middle frontal gyrus; F5, inferior frontal gyrus; F6, orbitofrontal cortex; T, temporal cortex; T1, superior temporal gyrus and insula cortex; T2, inferior and middle temporal gyrus; T3, temporal poles; P, parietal cortex; P1, upper parietal cortex; P2, postcentral gyrus; P3, supramarginal and angular gyrus; OC1, occipital cortex, TH, thalamus; LN, lenticular nucleus; CD, caudate nucleus; HC, hip pocampus.
dividual contributions of ventricular size, cortical atro phy, and age to variations in rCBF. Regression equations were calculated by the method of least squares. The level of statistical significance was set at p < 0.05.
RESULTS
133Xe inhalation study
Mean global CBF, as calculated from slice 6, was 54 ± 9 ml/l00 g/min. The rCBF values and SAls for frontal, temporal, parietal, occipital, and subcorti cal regions of interest (ROls) are listed in Table 3 . The ratios of frontal to temporal and of frontal to parietal rCBF were 0.97 ± 0.06 and 1.00 ± 0.05, respectively. There was no significant correlation of rCBF, SAl, or end-expiratory CO2 tension with age.
99ffiTc-d,I-HMPAO study
The data from the rCBF measurements with 99ffiTc-d,I-HMPAO and SPECT are presented in Tables 4-7. In the entire group of subjects, global CBF as calculated from slices 2-8 in the 99ffiTc_d,l_ HMPAO study and expressed as relative to the blood flow in the cerebellum was 86.4 ± 8.4% and correlated significantly with ratings of cortical atro phy, but not with ratings of ventricular atrophy, Evans ratio, sex, or age.
In the subgroup of 33 subjects in whom volume tric measurements of atrophy were performed, a multiple regression analysis confirmed that cortical atrophy (the relative volume of sulci) was the only significant determinant of global CBF, accounting for 27% of the interindividual variation (Table 6 ). The contributions of age and volume of ventricles per se were negligible. Thus, -70% of the interindividual variation in global CBF was not explained by any of these factors. Correction of data for rel ative brain volume attenuated the correlation of global CBF with atrophy (Table 6 ).
The ratio of mean rCBF in structures dominated by gray matter (e.g., occipital cortex) to the mean rCBF in central white matter was -1.6: 1 as com pared with 1. 1: 1 in the 133Xe study. rCBF in the frontal cortex and the frontotemporal, but not the frontoparietal, ratio decreased significantly with age. That the frontotemporal ratio was higher in the group of subjects with age over 80 years than in those between 61 and 80 years relates to the small number of subjects in the oldest group. Hyperfron tality was absent at all ages. The average SAls ranged from -2 to + 2% in most ROIs (Table 5) . The mean numerical value of the SAl was <5% in most ROls, but tended to increase with age. There was an inverse relationship between the size of the ROI and its mean numerical SAl value. In the entire hemisphere and in the temporal cortex, the numer ical SAl increased significantly with age (Table 5 and Fig. 4 ; p < 0.01).
The threshold for determination of a subcortical low-flow region defined a "butterfly"-shaped re gion not confluent with extracerebral pixels (Fig. 3) . The ventricles occupied -15% of this region. In the stepwise multiple regression analysis (Table 6 ) us ing age, area of ventricles, and area of sulci as pre dictors, age was the only significant determinant for the relative area of this low-flow region. Cortical atrophy, however, was a significant determinant for the mean rCBF of the region, which decreased with advancing atrophy. The mean rCBF in the sur- Cerebellum 10 62 ± 9 0.6 ± 4.1 Cerebral hemisphere 6 54 ± 9 -0 .5 ± 2.6 Frontal cortex 2,4,6 54 ± 8 -0.5 ± 2.9 Temporal cortex 6 56 ± 9 1.0 ± 4.3 Parietal cortex 2,4 54 ± 9 -0.9 ±3 .1 Occipital cortex 4,6 58 ± 10 -2.8 ± 3.8 Central white matter 4 52 ± 10 0.0 ± 4.5 Basal ganglia 6 56 ± 9 -2.4 ±4 .1
All values are means ± SD. ROI , region of interest; rCBF, regional CBF given in ml/ lOO g/min ; SAl. side-to-side asymmetry index given in % (Appendix BJ. A negative SAl indicates a higher flow value in the left hemisphere . The mean end expiratory CO 2 fraction was 4.1 ± 0.6 and 4.0 ± 0.6% in the first and the second J33Xe inhalation study , respectively .
rounding cortical high-flow region was invariate to cortical atrophy and the area of ventricles as well as to age.
The study on positioning reproducibility yielded identical sets of anatomical slice levels. The inter study variation in mean rCBF in the subcortical low-flow and in cortical high-flow regions was be low 3% (Table 7) .
Morphometric data from radiographic CT scans
The median cortical atrophy score was 0 (range: 0-20), and the median ventricular atrophy score was 0 (range: 0-4). Both significantly increased with age, as did the Evans ratio (Table 1) . The results from the volumetric measurements of ventricles, sulci, and relative brain volume in the subgroup of subjects studied with the DR scanner are presented in Table 6 . There was a significant (p < 0.01) cor relation of these parameters with age.
DISCUSSION
To our knowledge, this study is the first to exam ine the contributions of normal aging and brain at rophy to interindividual variations of rCBF as mea sured with 99mTc-d,l-HMPAO and SPECT. This study also presented a procedure for obtaining semiquantitative global and regional CBF data from measurements of the distribution of 99mTc_
.. d,l-HMPAO by SPECT. Cortical atrophy, but not age per se, was the only significant determinant of global CBF. The amount of cortical atrophy, how ever, increased significantly with advancing age. The normal material in the present study differs from that of other studies in that no hospitalized patients were included. The majority of subjects were invited to a study concerning normal aging, and not as control subjects for any particular dis ease in question. Although they were all aware that their data might be used for later analysis of dis eases, the volunteer bias associated with this study was minimal. Moreover, no subject had cerebrovas cular risk factors or dementia. The subjects were truly healthy, and they all had a CT without focal abnormalities. Although one could claim that our subjects, especially the elderly, were "super normals," we found it of great importance to be able to study the effects of aging per se, and not the effect of aging with age-associated diseases.
Methodological considerations
The present study provides semiquantitative data because quantitative data require arterial sampling and determinations of 99mTc-d,I-HMPAO in the blood, a procedure not practical for routine SPECT. Quantitative studies have been performed previ ously in patients with a variety of diagnoses and validated against results obtained with 133Xe inha lation technique (Andersen et aI., 1988a) or mea surements with PET (Inugami et aI., 1988; Yonekura et aI., 1988) . We used the correction al gorithm of Lassen et al. (1988) , which is a simpler approach for quantitation of rCBF using 99mTc_ d,l-HMPAO. The algorithm was used to normalize to the cerebellum and to correct for the initial pref erential back-diffusion of d,l-HMPAO from high flow regions. It assumes that the extraction ratio is the same in all areas of the brain. Although the al gorithm does not correct for the possible regional flow dependency of the extraction ratio (Andersen et aI., 1988b) , corrected 99mTc-d,I-HMPAO data agreed better than the uncorrected data with the 133Xe inhalation results (Andersen et aI., 1988a) .
The use of semiquantitative data introduces some potential sources of error. The internal reference Table 4 and Fig. 1 . am, amygdala; calc s, calcarine sulcus; call, corpus callosum; cbl, cerebellum; cd, caudate nucleus; cing, cingulate gyrus; cl, claustrum; fx, fornix; gp, globus pallidus, hipp, hippocampus; hy, hypothalamus; ic, internal capsule; ifr, inferior frontal gyrus; ins, insula cortex; it, inferior temporal gyrus; locct, lateral occipitotemporal gyrus; lv, lateral ventricle; mam, mamillary body; mfr, middle frontal gyrus; mt, middle temporal gyrus; ocCl, occipital lobe; orad, optic radiation; ot, optic tract; ped, cerebral peduncle; phipp, parahippocampal gyrus; pi, parietal lobe; pons, pons; pulv, pulvinar; put, putamen; scist, superior cistern; sfr, superior frontal gyrus; sn, substantia nigra; sp, septum pellucidum; spl, splenium; st, superior temporal gyrus; thl, thalamus, lateral part; thm, thalamus, medial part; tl, temporal lobe; verm, vermis cerebelli. All values are means ± SD. ROI, region of interest; Slices, anatomical slice numbers (Fig. I ) included in the calculation of F(%); n, no. of subjects included in the analysis; Area, mean left or right surface area of each ROI given in number of pixels (1 pixel = 0.11 cm2); F(%), regional CBF given in % relative to the cerebellum (Appendix A); [3, regression coefficients for simple regression analysis of F(%) vs. age: ap < 0.05. Spearman rank correlation coefficient for correlation of the mean regional CBF in the hemispheres with the total cortical atrophy score was -0.40 (p = 0.004). Upper frontal cortex -0.4 (-11.3; 10.5) -1.4 (-10.6; 7.9) -0.6 (-10.9; 9.7) 1.1 (-9.4; 11.6) -1.9 (-20.9; 17.1) +0.043
Precentral gyrus 2.2 (-8.6; 13.0) 2.0 (-3.9; 8.0) 1.0 (-12.4; 14.4) 3.7 (-8.1; 15.5) 2.2 (-8.4; 12.7) +0.062b
Superior frontal gyrus and cingulate gyrus 0.0 ( -6.0; 6.1) -0.3 (-5.0; 4.4) 0.1 (-6.5; 6.6) 0.7 (-6.1; 7.4) -1.1 ( -8.2; 5.9) +0.002
Middle frontal gyrus 1.3 (-7.6; 10.1) 0.6 (-6.7; 8.0) 1.6 (-9.4; 12.7) 1.6 ( -5.4; 8.5) 0.8 (-12.9; 14.6) +0.005
Inferior frontal gyrus 1.4 (-9.7; 12.6) 2.1 (-9.4; 13.5) 1.3 ( -12.3; 15.0) 1.7 (-6.5; 9.9) -/.7 ( -12.6; 9.2) -0.004
Orbitofrontal cortex -0.9 (-8.1; 6.4) -0.6 (-7.8; 6.5) -0.3 (-7.4; 6.8) -1.1 (-9.0; 6.8) -3.5 ( -10.8; 3.9) +0.008
Temporal cortex 1.5 (-7.3; 10.3) 1.0 (-3.9; 5.8) -0.2 ( -9.5; 9.0) 2.7 (-7.2; 12.5) 6.0 (-2.9; 14.8) +0.069a
Superior temporal gyrus and insula cortex 3.2 (-7.9; 14.4) 2.5 (-4.2; 9.3) 2.8 (-11.0; 16.6) 3.6 (-8.0; 15.2) 6.7 (-6.0; 19.4) +O.068b
Inferior and middle temporal gyrus -0.2 (-9.6; 9.3) -0.7 (-7.4; 6.0) -2.8 ( -10.9; 5.2) 1.6 (-8.2; 11.5) 6.2 (0.1; 12.3) +0.048b
Temporal poles 2.7 (-8.6; 14.0) 3.2 (-4.9; 11.2) 0. region must not be affected to any significant degree by the physiological variable-or disease process in question. A method for unbiased delineation of the region must be available, and the partial volume effect should be minimized-or at least be main tained approximately at the same magnitude in all patients. Ideally, the reference region should not include any of the ROIs to be tested. The entire cerebral hemisphere and the cerebellum have been suggested as internal reference regions (Andersen et al., 1988a; Inugami et al., 1988) . For reasons out lined below, the cerebellum was chosen in the present study. The ROIs of major interest in many diseases and in normal aging are located in the ce rebral hemispheres, and the cerebellum is an easily definable region of reference. With our computerized method for definition of cerebellar pixels, the demarcation of the cerebellum was comparable to that obtained with CT. Although Purkinje cell den sity is reduced in certain parts of the cerebellum during normal aging (Coleman and Flood, 1987) , normal aging does not affect cerebellar glucose con sumption (Kushner et al., 1987) . Finally, the mean blood flow in the cerebellum as measured by the 133Xe inhalation method in our subjects did not de cline with age. The reported gray/white matter ratio of 1.6: 1 seems low. However, it was calculated from the mean of the occipital cortex versus the centrum semiovale as defined from the ROI templates. Ow ing to the standardized definition of these regions and partial volume effects, they both contain gray (Fig. 1) .
h Test slice.
FIG.
3. Determination of subcortical low-flow region. Slice 4 from a 99mTc-d,l-hexamethylpro pyleneamine oxime study. The color scale indi cates F(%) values (from 0 to 140%). The peak pixel value of this slice was 150% and the low flow threshold 70%. As shown to the right, this threshold defined a subcortical low-flow region (black) and the surrounding high-flow region.
The relative area and the mean regional CBF of each region were calculated by the computer.
as well as white matter tissue. The ratio of presum ably pure gray matter pixel values to pure white matter pixel values was at least 3: I, which is closer to the true ratio of gray to white matter flow. Standardized fixed ROI templates for all subjects do not adjust for interindividual anatomical differ ences. On the other hand, individual subjective de lineation of ROIs in each hemisphere drawn by hand from visual inspection was associated with an unacceptably high interobserver variation. There fore, we used semifixed templates that were derived from an anatomical atlas and adjusted and redrawn J Cereb Blood Flow Metab, Vol. 11, No. 3, 1991 in each slice only for the outer contour of the brain and for size and precise location of the small sub cortical gray matter structures. This procedure ad justs to some extent for the effect of external cor tical atrophy, but introduces a minor SUbjective fac tor in the regional analysis as compared to standardized fixed templates.
The estimated total radiation exposure from the present SPECT study, which included two 133Xe inhalation studies and one intravenous 1. I-GBq 99mTc-d,I-HMPAO dose, was 16 mSv. There has been dome controversy about the dosimetry of   FIG. 4 . Slice 6 from a healthy 60-year-old woman (left) and from a healthy 78-year-old woman (right). The color scale is the same as in Fig. 3 . The left hemisphere is shown to the left. The side-to-side asymmetry of the frontotempo ral cortex increases with age. The relative area of the subcortical low-flow region increases and its mean regional CBF decreases with age.
99mTc-d,I-HMPAO, mainly because of variability in the estimated uptake of 99mTc-d,I-HMPAO by the lacrimal gland. Recent data suggest that lacrimal gland uptake of 99mTc-d,I-HMPAO may be present in only a minority of patients and that the absorbed dose in these patients is much smaller than previ ously assumed in the dosimetry calculations origi nally reported for 99mTc-d,I-HMPAO by its manu facturer (Villanueva-Meyer et aI., 1990) . The esti mated radiation exposure in our study was based on data from a recent human study in which the calcu lated effective dose equivalent for 99mTc_ d,l-HMPAO was 6.9 mSv/500 MBq irrespective of lacrimal gland uptake (Dr. R. D. Pickett, personal communication). Thus, considering that our sub jects were healthy volunteers rather than patients, the total radiation exposure resulting from the three investigations was rather high. However, it was considered acceptable by the National Institute of Radiation Hygiene in recognition of the necessity for a relevant control material for future clinical studies and clinical routine evaluations. Further, the exposure was within the range of radiation ex posures associated with other radiological and nu clear medicine procedures.
Effect of age, sex, and atrophy on rCBF
Studies on global CBF in human aging have pro vided discrepant results. There is little doubt that a rapid decline in CBF during puberty until the age of �20 takes place (Kety, 1956 ). Many reports have suggested a decline in CBF with advancing age after the age of 20 as well (Kety, 1956; Melamed et aI., 1980; Pantano et aI., 1984; Shirahata et aI., 1985) . However, as recently reviewed by Dastur (1985) , newer methods used on human subjects and exper imental animals have shown that no parameter of brain blood flow and metabolism is disturbed in nor mal aging except a small but significant fall in the brain's utilization of glucose. The above discrepan cies may be explained in part by different criteria employed in the selection of elderly normal subjects in previous studies (Dastur, 1985) .
In our study only advancing atrophy contributed significantly to variations in global CBF. The con tributions from sex, age, and central atrophy per se were negligible. As much as 70% of the variation in global CBF could not be explained by atrophy, sex, or age. Variations in cognitive activity may, to gether with the potential errors associated with the semiquantitative data and the natural biological variation, be contributing factors. There was no correlation of CO2 tension with age. Although the CO2 tensions were rather low during the I33Xe stud ies owing to hyperventilation induced by the inhalation technique, this was unlikely to have influ enced the data from the 99mTc-d,I-HMPAO study performed later during rest.
Very little is still known concerning the rCBF in human aging, especially in subcortical areas of the brain. In the present study, frontal cortex rCBF and the ratio of frontal to temporal rCBF decreased sig nificantly with age, in agreement with the findings in many other studies (Pantano et aI., 1984; Gur et aI., 1987) . That frontal rCBF did not decrease with age when measured with the I33Xe inhalation tech nique may be explained by the trapping of I33Xe in the airway sinuses, which causes a slight overesti mation and a greater variation of frontal rCBF val ues (Vostrup, 1988) . Hyperfrontality was absent at all ages, which contradicts previous findings of hy perfrontality in young subjects, as determined by the intracarotid 133Xe technique (Ingvar, 1979) . However, the consistent findings of hyperfrontality with the two-dimensional techniques have not been replicated by several later studies using the three dimensional techniques of SPECT and PET (Mathew, 1989) . The latter techniques depend heav ily on their spatial resolution to separate gray from white matter flow, while with two-dimensional techniques the separation is made by the analysis of the clearance curves. Thus, the discrepancy be tween the two techniques may be explained partly by the partial volume effect associated with SPECT and PET. The artifacts associated with the two dimensional techniques, such as the "look through" effect, cannot be dismissed either (Mathew, 1989) .
Theoretically, the regional changes during human aging in the distribution of rCBF observed in the present study might be attributed to alterations of the retention mechanism of d,l-HMPAO, rather than to changes in rCBF. However, there is no ev idence that the concentration or reactivity of the intracellular glutathione, which may be responsible for the conversion and intracellular trapping of d,/ HMPAO (Neirinckx et aI., 1988) , is regionally af fected in human aging. The decrease in frontal cor tex rCBF and the increase in the side-to-side asym metry of rCBF in many regions with advancing age are most likely explained by neuronal cell loss and diminished functional activity.
Mapping of rCBF in the subcortical region in nor mal aging is important to our understanding of ab normal rCBF distribution patterns, especially in white matter diseases and dementia disorders. From visual inspection of the midbrain image slices, a central "butterfly" -shaped low-flow region sur rounded by a continuous rim of high-flow pixels was seen in all patients. We defined this region from a relative threshold pixel value in two brain slices superior to the midbrain level. By this definition an area five to seven times greater than that of the ventricles was included. It separated a central area with mean flow values in the range of 55-60% from a surrounding high-flow area with mean flow values 6 SD higher. Thus, although the central region in cluded some CSF space as well, these figures indi cated that our method did separate a low-flow re gion including predominantly white matter struc tures from a surrounding high-flow region.
Correction of the global CBF data for the effect of relative brain volume attenuated the correlation of global CBF with atrophy. Despite this fact, the neg ative correlation of global CBF with cortical atro phy might only partly be explained by the inclusion of CSF space in the templates for calculation of CBF. The reduction of rCBF in the subcortical low flow region with increasing cortical atrophy could be a factor just as important. This reduction in sub cortical flow could not be attributed to an increase in the ventricular area, but a reduced Compton scat tered radiation from the reduced amount of sur rounding cortical tissue is one possible explanation. More likely, however, the process that causes cor tical atrophy also causes diminished blood flow in the subcortical low-flow area, perhaps as a conse quence of atrophy from the white matter side of the cortical rim. The increase in the size of the subcor tical low-flow region with increasing age might in theory be related to the increasing size of the cen tral CSF space, which is included in the central low flow region. However, the fraction of the subcorti cal low-flow area that was occupied by CSF space was small and did not change with age. Also, the size of the subcortical low-flow region did not cor relate to ventricular size as determined from volu metric measurements on equivalent CT slices. The observed changes in the subcortical low-flow region with aging could reflect impaired perfusion of the periventricular area due to vascular changes. Al though none of the subjects had severe vascular risk factors or peri ventricular hypodensities on their CT, this finding could precede the peri ventricular leukoencephalopathy seen on CT scans in some pa tients with arterial hypertension and in certain cases of vascular dementia (Scheinberg, 1988) . Alterna tively, one could infer that the subcortical white matter tissue as well as neurons are involved in the degenerative process of normal aging.
In conclusion, human aging is associated with a preferential decline in CBF in the frontal cortex and in the subcortical tissue and with increasing side to-side asymmetry of cortical rCBF. Of the factors studied, the most important correlate to global CBF The mean cerebellar count rate C r ef was deter mined from the image slice including the greatest number of cerebellar pixels and a clear demarcation of the cerebellum from the temporal and occipital lobes. The pixels representing cerebellar tissue were defined from the posterior part of this slice by a computerized procedure using a lower 60% frac tile threshold value and allowing the mean count rate in each cerebellar hemisphere to be calculated. The higher of the two cerebellum values was used as the C r e f ' To calculate the relative flow value F (%) and to correct for incomplete retention of the tracer, the linearization algorithm suggested by Lassen et al. (1988) was applied pixel by pixel to all images, using a conversion-to-clearance ratio ex of 1.5:
Analysis of regional and global CBF data (At)
From an anatomical atlas of the brain cut in slices parallel to the CM plane (Aquilonius and Eckernas, 1980) , 10 slices separated by -10 mm and located from 15 to 105 mm below the vertex of the atlas brain were selected. The localization of these slices in relation to the lateral brain surface is shown in Fig. 1 (left) , and some of the slices are shown in Fig.  2 together with corresponding rCBF maps. This brain atlas was used to guide the construction of a reference set of symmetrical cortical and subcorti cal ROIs for each of the 10 slices. The presentation of some of these ROIs on the lateral surface of the brain and on the transverse slices is shown in Figs. 1 (right) and 2, respectively.
The analysis of the 99mTc-d,I-HMPAO data began by the assignment of a standard atlas CM level with its ROI template to each rCBF slice. Because only 9 SPECT slices were obtained in each patient and because of the variability in brain size, no patient had a SPECT representation of each of the 10 tem plates. In each patient, each template with ROIs was redrawn and adjusted for the precise location of smaller subcortical gray matter structures and for the size and shape of the brain slice. The outer limit of the brain slice was determined by a threshold value, defined as 40% of the mean peak value of the three slices in each data acquisition. This 40% value was determined from a pilot study as the threshold value giving the best delineation of the SPECT im ages as compared to the outer brain contour of equivalent CT slices. In each ROI i the mean pixel value F;,s and the area of the region in number of pixels N;,s were calculated for each slice s in which the ROI appeared. The weighted mean flow value F; in the total number of slices n including the ROI was calculated from
A global average value for each subject's CBF was obtained from the weighted mean of supratentorial SPECT slices, including all slices assigned to the anatomical levels 2-8. All the pixels within the outer limit of the brain, including the central CSF space, were used to calculate the global CBF.
For each ROI i the SAlj was defined as Anterior-posterior asymmetry ratios AP were de fined as the ratio of the weighted mean rCBF in frontal ROls and the weighted mean rCBF in tem poral or parietal ROIs (Fig. I, right) :
A subcortical low-flow area was defined from slice 4 and 5 as all intracerebral pixels with values lower than a preselected low-flow threshold (Fig. 3) . This threshold T was defined from the peak pixel value F peak' of the slice as T = 50 + 0.20 x ( F peak -50)
because the lowest pixel values in the center of all images were -50%. The relative surface area and the mean rCBF of the subcortical low-flow area and of the surrounding high-flow cortical rim were cal culated and compared to the parametric measure ments on the corresponding CT slices. The analysis of the subcortical low-flow area was performed only in the 33 subjects who had their CT scan performed with the DR2 scanner. The reproducibility of positioning was evaluated by comparing the total number of brain pixels, the mean rCBF of the subcortical low-flow region, and the mean rCBF in the surrounding cortical rim in the paired sets of final images.
Data from the \33Xe inhalation study were ana lyzed using templates with large ROls correspond ing to the anatomical slices 2, 4, 6, 8, and 10. The mean blood flow in the cerebellum was calculated from the lowest slice (level 10) by the computerized procedure described above. Because of the airway artifact associated with the two lower slices, global CBF could not be calculated as the weighted mean of all slices. Therefore, global CBF was estimated, as previously, from level 6 as the mean of two sym metric hemispheric ROls and including all brain tis sue (Vorstrup, 1988) . The results from the second \33Xe inhalation study were corrected for changes in end-expiratory CO2 fraction with 3% per 0.1% change in CO2 fraction. Such a correction was not needed for the 99mTc-d,I-HMPAO study in which the regional data were collected from only one study.
APPENDIX C CT ratings of atrophy
All CT scans were randomly mixed with CT scans from patients with various dementia disorders and evaluated blindly by a trained radiologist who did not know the age or the diagnosis of the patient. A cortical atrophy score was given on a �3 point scale (0 = none, 1 = mild, 2 = moderate, 3 = severe) for five cortical regions (frontal cortex, tem poral cortex, parietal cortex, insulae, occipital cor tex) in each hemisphere (Jacoby et aI., 1980) . The scores were summed to calculate the total atrophy scores with a maximum of 30. Likewise, the ventri cles in each hemisphere were rated on a �3 point scale (0 = small or normal, 1 = mildly enlarged, 2 = moderately enlarged, 3 = severely enlarged). The scores from the two sides were summed to cal culate the total score for ventricular atrophy with a maximum of 6. In a separate evaluation of the im ages, the ratio of the maximum width of the frontal horns of the lateral ventricles to the maximum in-ternal diameter of the skull , the Evans ratio (1942), was measured.
Volumetric measurements on CT scans
In CT scans produced on the Somatom DR2 scanner , volumetric measurements were carried out by one of the authors to calculate the relative volume of CSF space. The CT film images were placed on a x-ray view box. An anatomical brain atlas level was assigned to each slice and the seven or eight adjacent slices that corresponded to levels 2-8 were analyzed. On each slice , the perimeter of the ventricles , the brain , and the inner surface of the cranium were traced onto tracing paper (Turkheimer et al. , 1984) , and a personal computer scanner was used to produce a digitized image on a computer screen. The selected slices corresponded to the SPECT slices used for calculation of global CBF. The surface areas of the ventricles V and the sulci S were calculated in each slice by a computer program together with the total intracranial area C.
The area of each structure was summed for all the slices and the CSF space expressed as a percentage of the intracranial volume (i.e. , VIC%, SIC%) (Gado et al. , 1982) . was used to correct global CBF measurements for the effect of atrophy (corrected CBF = uncorrected CBF/relative brain volume) (Herscovitch et al. , 1986) .
